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In direct injection engines, multicomponent fuels are injected at high pressures—resulting in a finely atomized 
spray which impacts on the hot wall of the piston crown and cylinder liner. The variable operating load of typical 
combustors results in widely varying wall temperature and ambient pressures. For quantitative prediction of the 
combustion spray physics, detailed data is required for the impact of multicomponent fuel drops on these heated 
surfaces at combustor-relevant pressures. A series of experiments are presented for blends of n-heptane and n- 
decane, as well as a commercial gasoline blend impacting heated walls at ambient pressures in the range of 1–20 
bar and wall temperatures up to 350 °C. Time-resolved image sequences for single drop impacts are used to 
classify the onset of Leidenfrost phenomena, nucleate boiling, and film spreading. Results are summarized by 
impact regime diagrams, and bi-component mixtures are found to replicate the systematic behavior observed for 
a gasoline drop with the higher volatility components controlling behavior at low pressure, and a decreasing 
effect at high pressure. These experiments establish a baseline for multicomponent drop-wall interactions at 
combustor-relevant pressure, and will aid in development of simulations incorporating relevant spray-wall 
physics in combustors.   
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1. Introduction 
In liquid-fueled combustors ranging from direct injection spark-ig-
nition systems to small gas turbines, multicomponent fuels are injected 
as liquid sprays into high-ambient pressure environments. Achieving 
desired heat release rates and temperature time-histories is essential in 
designing to maximize fuel economy and minimize pollutant pro-
duction—both targets of increasing regulatory standards. In addition to 
atomization and vaporization of fuel sprays, injection strategies also 
rely on spray-wall interactions to achieve improved mixing. As the fuel 
spray penetrates, secondary droplets are formed due to primary and 
secondary spray disintegration mechanisms resulting in typical droplet 
diameters ranging from 5–200 μm [1,2]. These secondary droplets 
impinge on the cylinder liner and piston crown wall and may either 
form a liquid film, splash, or rebound depending on the operating 
temperature, pressure, and load condition of the engine [3,4]. In typical 
direct injection engines, the chamber pressure can reach 150 bar, with 
wall temperatures of 200–350 °C [5,6]. For single drop-wall interac-
tions, this range of ambient pressure and temperature has been the 
focus of recent characterization of drop dynamics for pure n-alkanes at 
elevated pressure and wall temperature conditions [7]. Chausalkar 
et al. showed the Leidenfrost or drop rebound regime was bounded by 
the limit of liquid superheat, and drop spreading dynamics were similar 
for common impact regimes (liquid film spread at low wall temperature 
and film boiling at high wall temperature)[7]. Here, these single drop 
experiments are extended to bi-component mixtures of n-heptane and 
n-decane and a commercial blend of gasoline. 
The importance of single-droplet studies in validating combustion 
spray models has been emphasized by Moreira et al. due to the diffi-
culty in establishing heat transfer coefficients, regimes of impact, and 
engineering correlations in dense spray fields [8]. For realistic com-
bustor operating conditions, both variable pressure and the multi-
component nature of typical fuels are necessary to incorporate in the 
development of spray-wall interaction models. These models use ex-
perimental results on spray angle, injection pressure, and liquid prop-
erties [4,9–12]. Spray impingement models typically contain sub- 
models for fluid dynamics, film heat and mass transfer, and wall effects, 
but most have been validated using experimental results obtained at 
atmospheric pressure and fixed fuel composition [13,14]. Often, these 
models for multicomponent fuels have been validated against experi-
mental results of a single component fuel (n-heptane) at 1 bar ambient 
pressure [15]. In spray-wall experiments with diesel fuel, Senda et al. 
showed multiple heat transfer regimes based on individual hydrocarbon 
saturation temperatures for diesel fuel [16], but experimental data at 
relevant ambient pressures is limited. Few experimental results exist in 
literature addressing the heat transfer and drop dynamics of multi-
component fuels at combustor-relevant pressures, although the 
majority of combustion systems rely on diverse fuel streams. As such, a 
detailed picture of single drop-wall interactions with multicomponent 
fuels at relevant combustor conditions is essential to provide validation 
for predictive spray-wall models. 
A number of drop-wall studies have identified the role of fluid-dy-
namic parameters such as surface tension, liquid viscosity, and drop 
momentum in delineating the impact characteristics on both dry and 
wetted cold walls using non-dimensional parameters including the 
Weber, Reynolds, and Ohnesorge numbers [17–20]. For example, the 
maximum liquid film spread is influenced by both the surface tension 
and viscosity of the liquid. At 1 bar, Sikalo et al. showed the depen-
dence of liquid spread on Reynolds number (at fixed Weber number) by 
increasing liquid viscosity or decreasing diameter, resulting in a de-
crease in the maximum drop spread [21]. Several correlations have 
been proposed which capture the influence of drop diameter, liquid 
viscosity, and surface tension on the film spreading rate and maximum 
spread [22,23,8,20,17,24,25]. In addition, correlations have been 
identified to characterize the drop impact regimes and splashing 
thresholds on cold and hot walls, typically using a combination of We, 
Re, and Oh. Labergue et al. used the Mundo number ( =K WeOh0.4) and 
dimensionless temperature to indicate the onset of splashing behavior 
across a wide range of Weber number [26–28]. To date, similar 
splashing thresholds for hot walls remain an open topic of study [8,13]. 
For heated surfaces relevant in combustors, three predominant re-
gimes have been identified based on heat transfer rates: film evapora-
tion, nucleate boiling, and film boiling [29–31,13]. These regimes are 
observed for stationary as well as dynamic drop impacts (characterized 
by Weber number), and for a wide range of polar and non-polar liquids 
such as ethanol, n-heptane, and water [32,30,33]. A set of typical 
single-component sequences is shown in Fig. 1. All three regimes are 
evident for an n-heptane ( =We 50) drop impacting an aluminum sub-
strate at 1 bar and varying wall temperature [7]. These regimes are also 
evident at high pressure for single-components and the same classifi-
cation will be used in the subsequent presentation of results. Two stu-
dies have also examined the role of multicomponent liquids in drop- 
wall interactions. Kompinsky et al. studied the effect of the volatile 
component concentration on the impact sequence at lower Weber 
number using binary fuel mixtures [34]. Chausalkar et al. showed in-
creased volatile content in bicomponent mixtures of n-heptane and n- 
decane resulted in lower temperature limits for each impact regime for 
moderate Weber number [35]. This shift in regime was accompanied by 
a decrease in the mean secondary droplet size at atmospheric pressure. 
The heat transfer characteristics and Leidenfrost behavior of near 
stationary, pure component liquid drops at both sub-atmospheric  
[36–38] and elevated pressures have been considered [39–42], but 
these studies did not examine the drop impact dynamics (breakup and 
splashing) which will be important in capturing the full range of 
Fig. 1. Typical impact sequences for n-heptane impacting at =We 50 for wall temperatures of 35, 150, and 300 °C at 1 bar pressure. These sequences show typical 
behavior for single-component impact in the film evaporation, nucleate boiling, and film boiling regimes, respectively. [Reproduced with permission [7]]. 
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behavior in fuel spray-wall interactions. Our recent work examined the 
behavior of single-component drops of n-heptane and n-decane up to 
the critical pressure for the pure fluid, and showed a clear trend of 
decreasing wall overheat (wall temperature above the saturation tem-
perature) required for drop rebound [7]. The change in the ambient 
pressure showed minimal effect on the maximum liquid film spread for 
pure liquids [7], although liquid property variations are expected as the 
liquid approaches the critical point. For hot-wall drop interactions, the 
bulk of the liquid mass remains at much lower temperatures, so the 
surface tension does not approach zero, as one might anticipate based 
on the wall temperature condition. As an example, for n-heptane at cold 
conditions, the Weber number would vary by approximately 8% due to 
a 14% surface tension reduction when the pressure is increased from 1 
to 20 bar [43]. For decane, similar trends are expected. Although liquid 
viscosity and surface tension play a key role in deciding the nature of 
drop impact sequences and their outcomes such as splashing type and 
secondary droplet size distributions for events at moderate and high 
Weber number, few effects are expected for low Weber number impacts. 
Kanti et al. showed a change in dynamic viscosity in the range of 10–12 
% when the ambient pressure varied from 1 to 100 bar [44]. Surface 
roughness may also influence splashing and spreading events after drop 
impact on cold and hot walls [45–47]. As a result, in the pressure range 
of 1–20 bar, thermal parameters such as the heat of vaporization and 
shifting saturation temperature are expected to dominate the drop 
impact outcomes. 
At atmospheric pressure, several experimental and modeling studies 
have proposed surrogate mixtures for gasoline based on fuel ignition 
characteristics, molar mass, and drop vaporization rates [48–52]. These 
surrogates are usually mixtures of alkanes, iso-alkanes, cyclic hydro-
carbons, and aromatics. For a pure alkane surrogate, Elwardany et al. 
recommended a mixture of 83% n-C7H16, 15.6 % n-C11H24, and 1.4% n- 
C15H32 to match vaporization characteristics based on the results of 
their quasi-discrete model [51]. Gauthier et al. showed good agreement 
between ignition delay time measurements for RD387 gasoline and a 
surrogate mixture of 63% iso-octane/20% toluene/17% n-heptane by 
volume in their shock-tube experiments for pressures from 15–60 atm  
[53]. Rather than focusing on a particular gasoline surrogate 
composition, here we choose two n-alkanes with a significant difference 
in saturation temperature and molecular weight in order to examine the 
role of volatile concentration on impact outcomes in the ambient 
pressure range of 1–20 bar. For n-heptane and n-decane mixtures, ty-
pical gasoline mean molar masses of 100–110 kg/kmol correspond to 
mixtures of 50–80% n-heptanen-heptane by volume (101–118 kg/ 
kmol). The n-heptane/n-decane binary mixture saturation temperatures 
vary from 98–173 °C, also spanning the boiling point range of typical 
gasoline compositions: 65–175 °C. In addition, the use of a bicomponent 
alkane mixture allows for the use of an accurate multicomponent 
equation of state (GERG-2008) [54]. The other liquid parameters do not 
correspond exactly with gasoline, but the variation on Weber number or 
Ohnesorge number for the impacting drops is minor. 
In this paper, we present experimental results of bi-component and 
multicomponent fuel drops impacting dry walls for ambient pressures 
of 1–20 bar and wall temperatures between 35–350 °C, relevant to in- 
cylinder conditions in gasoline direct injection engines [6]. The ex-
periments have been carried out at a low Weber number of ~50. N- 
heptane and n-decane are used to prepare bicomponent fuel mixtures as 
they represent a low and high volatile component of gasoline. A regime 
map showing dependence of impact sequences of gasoline on pressure 
at low Weber number ( =We 50) is presented. The sequences of dif-
ferent blends of n-heptane and n-decane are compared with gasoline for 
ambient pressures from 1–20 bar to identify characteristics consistent 
with the commercial gasoline blend. 
2. Experimental setup 
All experiments were conducted with a constant-volume pressure 
vessel with a high temperature wall substrate and ambient temperature 
gas and liquid drops. The pressure vessel was rated to 100 bar and had 
two-sided optical access, as indicated in Fig. 2, which allowed for high- 
speed imaging of the drop-wall impacts. The vessel interior was 175- 
mm in diameter and 450-mm in height, for a total volume of ~0.01 m3. 
The vessel pressure was controlled via a single-stage regulator con-
nected to a compressed gas nitrogen cylinder and the vessel was 
equipped with a safety relief valve. For all tests, a micro-precision fixed 
Fig. 2. Schematic showing the high-speed backlit imaging system, constant-volume pressure vessel, and droplet injection apparatus. The inset shows a detailed view 
of the drop injection and substrate. TC indicates the locations of thermocouples to monitor gas, liquid injector, and substrate temperatures. 
A. Chausalkar, et al.   Fuel 283 (2021) 119071
3
orifice (0.225-mm diameter) was used to maintain a continuous gas 
sweep of ~10 slpm (standard liters per minute) while maintaining the 
test pressure and ambient gas temperature of ~30 °C. This allowed any 
residual fuel vapor from a prior test to purge from the chamber. Tests 
were conducted at five minute intervals to ensure a pure-nitrogen en-
vironment. 
Within the pressure vessel, pendant drops were produced by de-
tachment from a 28-gauge needle. Drop production was controlled by a 
syringe pump (New Era NE-8000) which had a flowrate of 0.5 mL/min. 
Across the range of ambient pressures and liquid fuels, drop diameters 
varied in the range of 1.8–2.0 mm and were measured for each test by 
an imaging system with a magnification of 0.016 mm/pixel. Typical 
drop diameter variation for a given ambient pressure condition 
was < 0.1 mm, and individual conditions were repeated at least 5 
times. The fuel injection tube and liquid fuel were also maintained at 
ambient temperature conditions through the use of a counterflow heat 
exchanger, depicted as a cooling jacket in Fig. 2. The counterflow jacket 
used air sweep gas at typical flowrates of 100 slpm to maintain the 
liquid temperature at 25–30 °C. Three K-type thermocouples were in-
stalled inside the vessel to monitor the ambient gas temperature, the 
temperature of the liquid injector cooling jacket, and the gas tem-
perature near the injection location as shown in Fig. 2. All thermo-
couple temperatures were recorded with a LabJack T7-Pro data ac-
quisition system, and reported temperature measurements have an 
accuracy of 2 °C and a precision of 0.1 °C. 
After detaching from the fuel injection tube, drops fell 75 mm (the 
height of the injection above the test substrate) and impacted the high 
temperature wall substrate. For the tests presented, the wall substrate 
consisted of a polished aluminum 6061 substrate of 25.4 × 25.4 mm2 
with a thickness of 12.5 mm. The substrate roughness was measured 
using a 3D optical surface profiler (Zygo, NewView 7100). Roughness 
values for Ra and Rz were 1.53 μm and 12.77 μm, respectively. The wall 
substrate was mounted on top of a 1-kW square profile heater (Watlow 
CER-1-01-00002), which was used to achieve wall temperatures up to 
350 °C. The aluminum substrate, heater, and the locations of embedded 
thermocouples to monitor the wall temperature are indicated in the 
inset of Fig. 2. To control the substrate temperature, the heater was 
controlled by a PID controller (Watlow) and an embedded K-type 
thermocouple. Three 1.58-mm K-type thermocouples were embedded 
in the aluminum substrate at a spacing of 6.1 mm to determine the wall 
temperature assuming one-dimensional, steady-state heat transfer. The 
wall temperatures reported in the paper are steady-state temperature, 
measured over 60 s prior to drop injection. 
A high-speed complementary metal-oxide semiconductor (CMOS) 
camera (Photron FASTCAM SA-X2) was used to record backlit image 
sequences for each drop impact. A 1500-grit ground glass diffuser and a 
halogen lamp (500 W) were used for back illumination of the droplets. 
Images were recorded using an f/2.8 105-mm focal length lens with a 
72-mm lens extension (Nikon Nikkor). The measured field of view and 
depth of field were 24 × 22 mm2 and 22 mm, respectively. Images were 
acquired as uncompressed TIFFs at a frame rate of 20 kHz and with a 
shutter exposure of 26 μs, yielding a frame size of 1020 × 672 pixels2. 
Camera acquisitions were manually triggered and spanned a time 
period of the drop entering the image frame to at least 20 ms after 
initial wall contact. 
Image processing was implemented in MATLAB for measurement of 
the spread of the liquid film and centroid location of the drop. Images 
were normalized using a background image. The time of first contact 
( =t 0 s), where the droplet first begins to impact the wall, is identified 
by tracking the droplet centroid acceleration or the second time-deri-
vative of the major and minor axes. For determination of the impact 
Weber number and normalization of the drop spread, the velocity and 
drop diameter prior to impact are measured. To identify and measure 
drop and film features in a MATLAB-based code, a Canny algorithm 
based on threshold gradient values was used to identify edges [55]. The 
edges are dilated and eroded to form closed boundaries. These closed 
shapes are labelled as objects. The liquid spread extent is then de-
termined by the maximum extent of the identified object. A similar 
image processing routine is used to locate the centroid and velocity of 
the rebounding drop after the completion of the recoil motion of the 
liquid film spread. 
For tests, the desired ambient pressure was first established in a cold 
vessel with a regulated N2 gas supply. The pressure in the vessel was 
raised in small increments to the test conditions using a single-stage 
regulator from a compressed nitrogen cylinder. After the pressure of the 
vessel was steady, the wall temperature was raised to the test tem-
perature. After achieving steady-state conditions, droplets were pro-
duced using the syringe pump at the liquid flow rate of 0.4–0.5 mL 
min−1. The fuel flow rate was kept constant throughout the experi-
ment. Test conditions with n-heptane and n-decane mixtures as well as 
gasoline spanned wall temperatures from 21 to 350 °C and pressures 
from 1–20 bar in the Weber number range of 50–55. n-heptane and n- 
decane were sourced from Fisher Scientific with purity of 99%. Mixtures 
consisted of 0% to 100% by volume of n-heptane with the balance of n- 
decane. The gasoline consisted of a commercial blend acquired in Ames, 
Iowa. The ASTMD86 distillation curve[56] is available in the online 
supplementary material. 
3. Results 
The following sections detail the impact regimes and drop impact 
dynamics for both a commercial gasoline fuel blend and bi-component 
mixtures of n-heptane and n-decane of varying concentrations (0%, 
25%, 50%, 75%, and 100% n-heptane with the balance of n-decane) for 
a range of wall temperatures and ambient pressures. For these experi-
ments, the drop velocity and diameters were held nearly constant and 
the minimal property variation for cold fluid (prior to wall impact) 
results in negligible variation of the Weber and Ohnesorge numbers. We 
first present the typical behaviors observed for gasoline over a range of 
wall temperature and ambient pressure, which are summarized in a 
regime diagram. Next, similar regimes are identified for n-heptane and 
n-decane bicomponent mixtures. The results indicate the regimes of 
drop-wall interaction with We 50 and Oh 0.0034 in order to assess 
the role of wall temperature and the fuel mixture in determining the 
boiling and Leidenfrost (drop rebound) outcomes. 
3.1. Effect of ambient pressure on a multicomponent fuel: gasoline 
Several typical outcomes for the commercial gasoline blend at a 
wall temperature of 200, 300 and 350 °C and pressures of 1–20 bar are 
shown in Figs. 3–5. The high-speed sequences for a range of ambient 
pressures at these wall temperatures are available in supplementary 
videos (montage_gas_200C.avi, montage_gas_300C.avi and  
montage_gas_350C.avi). At a moderate wall temperature of 200 °C, 
shown in Fig. 3 for 1–20 bar ambient pressures, all cases exhibit sig-
nificant wall contact and no drop rebound (no Leidenfrost effects). At 
this moderate wall temperature (mid-way in the distallation curve for 
the gasoline blend) and at 1 bar ambient pressure, significant liquid 
wall contact takes place, leading to nucleate/transitional boiling phe-
nomena and the ejection of small droplets, as seen in the top row of  
Fig. 3. Note that these droplets are ejected due to the rupture of nu-
cleation bubbles, as is typical of the nucleate boiling regime identified 
for pure liquids [57]. Several time instants are shown for each se-
quence, beginning as the liquid film spreads and recoils. For impact of 
drops at elevated ambient pressures at the same wall temperature, there 
are no droplet ejections, and the liquid mass recoils at late time but does 
not rebound from the wall. The images shown are normalized by the 
background light level, and index of retraction gradients above the li-
quid mass are evident during the slow evaporation, particularly at high 
ambient pressure conditions. This phenomenon is analogous to a film 
evaporation mode for a pure liquid, as identified in both atmospheric 
and high pressure impact studies for elevated wall temperatures where 
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the drop reaches a quasi-steady equilibrium while undergoing slow 
vaporization [29,33,7]. This variation is consistent with the shift in 
wall-impact regime observed for pure single-component liquids [7]. 
With increased wall temperature, a pronounced shift in impact 
outcomes is evident. In Fig. 4, still frames are shown for impact se-
quences at a wall temperature of 300 °C, and corresponding sequences 
are available in the supplementary video. Rows correspond to ambient 
pressures of 1, 10, and 20 bar. At 1 bar, the wall temperature is suffi-
ciently high to limit direct liquid-wall contact, showing a contact angle 
>90 degrees during film spread (at 5 ms), and ultimately leading to 
drop rebound 15 ms after initial contact. At 10 bar, however, a dense 
field of condensates or fine drops is evident for the gasoline drop. These 
fine drops may be formed via condensation of the vaporizing mass in 
the cold surrounding air, or may be ejected by the breakage of bubbles 
at the surface. This phenomenon is consistent with drop ejection via 
boiling or bubble breakage responsible for aerosolizing salt in the 
ocean, for example [58]. These phenomena are characteristically dif-
ferent than nucleate boiling observations from water or other pure 
components at atmospheric pressure, and are attributed to the multi-
component vaporization process occurring during wall contact. For li-
quids with disparate distillations such as gasoline and at wall tem-
peratures between the two extents, the clouds formed at 10 bar, 300 °C 
and 1 bar, 200 °C are driven by boiling of the volatile components. 
Interestingly, the bi-component results presented in Section 3.2 show 
similar behavior, but the distinct condensates formed are not as dis-
tinctive as those for the gasoline mixture. This is attributed to the wide 
range of distillation for typical multicomponent fuels, where 
phenomena is promoted by the disparate boiling points of the mixture 
components. As is clear from typical gasoline distillation curves (see the 
measured distillation in the supplementary data Fig. A1), the distilla-
tion spans more than 150 °C. 
Increasing the pressure to 20 bar (the last row in Fig. 4), the drop 
again remains in contact with the wall and bubbling is evident and a 
condensate cloud is not present. The change in ambient pressure from 
10 to 20 bar delays the boiling phenomena, and we classify both events 
at 10 and 20 bar as representative of nucleate or transition boiling for 
the gasoline mixture. The increasing saturation temperature with in-
creasing ambient pressure leads to a longer time to achieve vapor for-
mation when approaching the wall, thus leading a nucleate boiling 
mode rather than a Leidenfrost mode. This result is anticipated based 
on single-component studies, but has not been reported for multi-
component fuel mixtures with varying ambient pressure. Prior work 
focused on regime shifts in single and bi-component mixtures at at-
mospheric pressure [32,34,59] or single-component liquids at elevated 
pressure [41,7]. From the atmospheric pressure distillation analysis 
(ASTMD86 [56]), the commercial blend distillation ranges from 
35–200 °C. 
Increasing ambient pressure also delays the time to rebound for the 
gasoline drop. This trend is qualitatively evident from the results shown 
in Fig. 5 (and supplementary video), where cases at 1, 10, and 20 bar 
ultimately show drop rebound at a wall temperature of 350 °C. At 
15 ms, the drop at 1 bar pressure begins to rebound, however, at 10 bar 
it remains in contact until approximately 20 ms. For both of these drop- 
wall impacts in the film boiling regime, the vapor evolution rate 
Fig. 3. Typical frames during impact sequences of gasoline at a wall temperature of 200 °C for ambient nitrogen pressures of 1, 10, and 20 bar. A supplementary 
video is available showing the sequences (montage_gas_200C.avi). 
Fig. 4. Typical impact sequences of a single gasoline drop impacting at a wall temperature of 300 °C for ambient nitrogen pressures of 1, 10, and 20 bar. A 
supplementary video is available showing the sequences (montage_gas_300C.avi). 
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determines the onset of rebound. For the ambient pressure of 20 bar, 
the wall temperature of 350 °C is insufficient for rebound to occur. 
Similar behavior was previously reported in our work on single-com-
ponent drops at elevated pressure [7]. The trend with increasing am-
bient pressure is shown in Fig. 6 by determining the contact time of the 
drop before rebound from the high-speed image sequences. These 
contact times are determined from 8 sequences at each condition, with 
the variance indicated by error bars. The total liquid film contact time 
increases by ~90% from 1 bar to 15 bar. The connection between the 
composition and the onset of drop rebound will be further discussed in 
the subsequent section showing results from bi-component mixtures of 
n-heptane and n-decane. 
The spreading of the liquid film during impact, shown in Fig. 7, also 
indicates the role of the shifting vaporization characteristics at elevated 
pressure on the liquid-wall contact. Here, the spread factor is defined as 
the total horizontal extent normalized by the initial drop diameter, 
d t d( )/ 0. For the case of 1 and 10 bar, the maximum spread shows little 
difference, but there is a noticeable decrease in the recoil rate. This is 
consistent with increased wall contact at elevated pressure due to the 
increasing saturation temperature, leading to increased dissipation as 
compared to the low pressure case with rapid vapor film formation 
preventing direct wall contact. This suggests partial liquid contact, 
although the ultimate result at 10 bar is a complete rebound of the 
drop. At 20 bar, the maximum spread is delayed and the trend of de-
creasing rate of recoil continues. At elevated pressures, the slower 
evolution of the vapor layer promoting film spread and recoil with 
decreased viscous losses is evident. In addition, drop results for cold 
wall conditions were considered, but are not shown. As was previously 
described for this experiment in n-heptane and n-decane drops, the 
ambient pressure has minimal effect on the ultimate drop spread for 
cold wall temperatures from 1 to 20 bar ambient pressure [7]. 
A summary of the drop impact outcomes for the commercial gaso-
line blend is represented by a regime diagram for wall temperature and 
ambient pressure in Fig. 8. The symbols indicate three distinct regimes, 
consistent with standard regimes detailed in literature: rebound (film 
boiling), nucleate boiling, and liquid film deposition. The legend above 
the diagram shows a cartoon for each phenomenon. At 1 bar ambient 
pressure, the onset of rebound occurs at ~240 °C, more than 100 °C 
above the atmospheric pressure distillation curve (available in the on-
line supplementary data). This is similar to the wall superheat tem-
perature required for Leidenfrost behavior in n-heptane on a similar 
substrate [7]. For ambient pressures up to 20 bar, the onset of rebound 
or film boiling shifts to >350 °C. For the 20 bar condition, the experi-
mental wall temperature was limited due to increasing heat loss and as 
a result, we did not observe rebound for gasoline. As discussed pre-
viously, this shift in the onset of film boiling and nucleate boiling is a 
function of the increasing saturation temperature of gasoline con-
stituents. The inception of the film boiling regime depends on the rate 
of vapor layer formation, which is driven by the volatile components in 
Fig. 5. Typical impact sequences of a single gasoline drop impacting at a wall temperature of 350 °C for ambient nitrogen pressures of 1, 10, and 20 bar. A 
supplementary video is available showing the sequences (montage_gas_350C.avi). 
Fig. 6. Drop contact time for gasoline impacting a heated wall maintained at 
350 °C. Drop rebound occurs for pressures from 1–15 bar, and each point re-
presents the mean contact time for 8 events, with the variance indicated by the 
vertical bars. 
Fig. 7. Comparison of the normalized spread, d t d( )/ 0 for a gasoline drop at 1, 
10, 20 bar pressure and wall temperature of 350 °C. 
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the multicomponent fuel mixture. This regime diagram presents an 
overview of the outcomes that should be incorporated in multi-
component fuel modeling, but care should be taken in applying this 
result in general, as fuel compositions can vary significantly by region, 
refining source, and date. For quantitative prediction of the gasoline 
drop-wall outcome regimes without experimental data for all mixtures, 
a suitable mixture equation of state data is necessary to allow for a 
better prediction of the required superheat temperature to achieve 
Leidenfrost drop rebound. No equivalent elevated pressure distillation 
standard is widely adopted, but for accurate spray-wall modeling, such 
a standard method for characterizing multicomponent fuels may be 
necessary. The potential for bicomponent mixture equation of state data 
to establish the rough bounds for drop-wall impact regimes will be 
discussed in the subsequent section. 
3.2. Comparison of bi-component and multi-component fuels 
In this section, results for drop-wall impacts of bi-component mix-
tures of n-heptane and n-decane are presented and compared to the 
outcomes for the commercial gasoline multi-component blend. Fig. 9 
shows the impact event for gasoline and bi-component mixtures of 
25–75% volume fraction of n-heptane at 1 bar ambient pressure, all for 
a wall temperature of 300 °C (also available as a supplementary video). 
Selected still frames are shown at 5 ms, 15 ms, and 20 ms after initial 
impact. The frames at 5 ms show a contact angle > 90 degrees, and the 
two subsequent time instants show the drop rebounds which are qua-
litatively similar. All mixtures and gasoline are in the film boiling re-
gime, and the concentration of the n-heptane has little effect on the 
ultimate outcome. This is unsurprising, as pure n-decane is also in the 
film boiling regime at 1 bar ambient pressure and a wall temperature of 
300 °C. There are minor differences in the duration of wall contact (or 
the point at which the drop rebounds), with the contact time and time 
of rebound for the 25% n-heptane mixture most closely corresponding 
to that of gasoline. 
For elevated ambient pressure, the shifting saturation temperature 
results in a higher threshold temperature to observe the film boiling 
regime indicated by drop rebound. Fig. 10 shows qualitative similarities 
between gasoline and mixtures consisting of 25–75% n-heptane by 
volume at a wall temperature of 300 °C. The full sequences are available 
in a supplementary video file (montage_20bar_300C.avi). For all mix-
tures considered in Fig. 10, the variation in pressure resulted in a shift 
of the heat transfer regime from film boiling at 1 bar to nucleate and 
transition boiling at 20 bar. Comparing the evolution of the gasoline 
liquid drop to that of the mixtures at 20 bar, the time-evolution closely 
corresponded to a mixture containing 25% n-heptane, which is shown 
by the time instants of 15 and 20 ms after impact in Fig. 10. Here, the 
time instants at 15 and 20 ms capture similar evolution for gasoline and 
the 25% mixture, where a single vertical liquid column forms and the 
drop does not rebound from the surface. Also evident is the condensate 
cloud formation for a bi-component mixture of 25% n-heptane and 75% 
n-decane at times of 20–50 ms. This condensate formation is similar 
that observed for gasoline and shown at 10 bar in Fig. 4 (and the 
supplementary video), although these conditions are not found at si-
milar wall temperature and pressure conditions. As discussed pre-
viously, this behavior is likely controlled by the disparate boiling points 
of the mixture components. For example, at the 20 bar condition, the 
mixture saturation temperature is 316 °C and the n-heptane and n-de-
cane have saturation temperatures of 247 and 343 °C, respectively. 
For an increased wall temperature of 350 °C and at the same ambient 
pressure of 20 bar (Fig. 11), significant differences were observed be-
tween the impact sequences of bicomponent mixtures and gasoline. 
These sequences are also available in a supplementary video file 
(montage_20bar_350C.avi). As the concentration of highly volatile com-
ponent n-heptane in the mixture increased from 25–75%, rebound was 
delayed with decreasing n-heptane concentration. Although gasoline 
does not rebound at these conditions, the alkane mixtures all show re-
bound behavior at long duration. For these elevated wall temperature 
and pressure conditions, the bicomponent mixture fails to approximate 
the behavior of gasoline, although at lower pressure conditions a favor-
able regime comparison is possible for mixtures of 25–50% n-heptane. 
To examine the bicomponent mixture behavior over a range of wall 
temperature and pressure conditions, an impact regime diagram for the 
50 v%v n-heptane/n-decane mixture is shown in Fig. 12. The three sets 
of symbols indicate regimes of deposition, nucleate boiling phenomena, 
and rebound, respectively. Also overlaid are two thermodynamic limits 
for the mixture defined based on the GERG-2008 Helmholtz energy 
explicit equation of state (HEOS) [54]. The GERG-2008 HEOS was 
evaluated using the CoolProp thermodynamics package [60]. The two 
solid lines correspond to the mixture saturation temperature and the 
limit of liquid superheat, where the HEOS satisfies =p v/ 0T [61]. In 
pressure–temperature space, the region enclosed by the two curves 
indicates the region where metastable superheated liquid states may 
exist. The onset of drop rebound is bounded by this liquid spinodal, 
which was also the case for single-component n-heptane and n-decane 
presented by Chausalkar et al. [7]. The superheat limit represents the 
maximum temperature that the fluid near the superheated wall could 
reach before undergoing rapid phase transition in the absence of nu-
cleation sites (explosive boiling). As previously found for pure n-hep-
tane and n-decane, the onset of drop rebound and the Leidenfrost 
temperature corresponds closely with this superheat limit. The rela-
tively small discrepancy might be accounted for by the cooling of the 
substrate as the cold liquid makes contact in the experiment. In addi-
tion, although the GERG-2008 equation of state is likely the most ac-
curate available, it has not been demonstrated explicitly for determi-
nation of superheat limits in direct experiments such as those of Blander 
and Katz [61], although has been used for determination of mixture 
critical points [62]. The low temperature bound for the transition from 
film deposition to nucleate boiling regimes is simply the pressure-de-
pendent saturation temperature where phase transition is observed for 
slow heating or when nucleation sites are present. The impact sequence 
below the saturation temperature results in film evaporation. Finally, 
we note that the difference between the saturation temperature and 
inception of film boiling trends towards zero at the mixture critical 
point. 
Fig. 8. Regime diagram indicating the outcomes of gasoline drops impacts with 
varying wall temperature and nitrogen ambient gas pressure. 
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A summary of the outcomes for the range of n-heptane/n-decane 
mixtures and gasoline is shown in Fig. 13, where the boundary between 
rebound and non-rebound (film boiling and nucleate boiling) is in-
dicated by the symbols for each mixture as the ambient temperature 
varies. The symbols indicate the lowest temperature at which drop re-
bound occurs, and the mixtures consist of gasoline and mixtures ran-
ging from 100% to 0% n-decane with the balance of n-heptane. Three 
lines are shown indicating the variation of the saturation temperature 
with ambient pressure for mixtures of 100%, 50%, and 0% n-heptane 
by volume. These saturation temperatures are modeled using the GERG- 
2008 HEOS implemented in CoolProp [54,60]. As expected, the film 
boiling inception temperature is lowest for the higher volatility fuel 
component (n-heptane) across the full pressure range of 1–20 bar. For 
the binary n-heptane and n-decane mixture, the wall temperature re-
quired for rebound increases. Similar to the superheat limits reported 
previously for pure components [41,7], these temperatures lie between 
the thermodynamic limit of superheat for the pure fluids. 
Comparing the behavior for gasoline to the bicomponent mixtures 
in Fig. 13, the film boiling transition is approximated by the transition 
for the 25% n-heptane mixture for 1–5 bar, but more closely approaches 
the behavior of pure n-decane at 20 bar. This complex behavior for the 
multicomponent mixture reflects the importance of an accurate fluid 
description across the range of relevant ambient pressures for which 
fuel sprays experience. These single drop-wall interactions show qua-
litative correspondence in the rebound boundary between a simple bi- 
component mixture and gasoline, but Fig. 13 hints at the complexity in 
predicting exact transition boundaries for variable multicomponent 
mixtures. 
The regime transitions indicated in Fig. 13 give a summary of the 
global behaviors, but the dynamics of drop rebound and spreading are 
Fig. 9. Still frames from impact sequences of ga-
soline and bicomponent mixtures ranging from 
25% to 75% n-heptane by volume are shown for an 
ambient pressure of 1 bar and wall temperature of 
300 °C. Each column corresponds to three time-in-
stants for the same fuel mixture. The sequences for 
mixtures are available in a supplementary video file 
(montage_1bar_300C.avi). 
Fig. 10. Impact sequences of gasoline and bicomponent mixtures containing 75%, 50%, and 25% n-heptane by volume at 20 bar and wall temperature of 300 °C. All 
drops maintain wall contact, showing no rebound. The sequences for mixtures are available in a supplementary video file (montage_20bar_300C.avi). 
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also of interest—particularly in validating predictive models which 
allow quantitative treatment of the heat flux to the wall and the vapor 
production rate. The drop motion for an single event was extracted 
from the backlit images, and Fig. 14 presents the vertical location of the 
drop centroid for several impact sequences. The centroid of the droplet 
after the start of rebound motion is tracked and plotted for 25%, 50%, 
75% by volume n-heptane/n-decane bicomponent fuel mixtures at 
pressure and wall temperature of 20 bar and 350 °C, respectively. Two 
trends are clear: increasing volatile content leads to an earlier onset of 
rebound and higher maximum liftoff during the rebound. For the 
Fig. 11. Impact sequences of gasoline, and 
bicomponent mixtures containing 75%, 50%, and 
25% n-heptane by volume at 20 bar and wall tem-
perature of 350 °C. All mixtures undergo complete 
drop rebound, while gasoline maintains wall con-
tact. The sequences for mixtures are available in a 
supplementary video file (montage_20bar_350C.avi). 
Fig. 12. Regime diagram for bicomponent fuel mixture of 50% n-heptane and 
50% n-decane showing deposition, nucleate boiling, and rebound regimes with 
varying wall temperature and ambient pressure. Two thermodynamic limits are 
indicated by the solid lines: the mixture saturation temperature (lower line) and 
the limit of liquid superheat from the GERG-2008 equation of state [54] (upper 
line). 
Fig. 13. Variation of film boiling inception with ambient pressure for gasoline 
and mixtures of n-heptane and n-decane varying from 0–100% n-heptane by 
volume. The curves indicate the saturation temperature for for n-heptane (da-
shed), 50% n-heptane (blue), and n-decane (black) [54]. Markers indicate the 
first observed drop rebound as the wall temperature is increased. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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behavior in a film boiling/ drop rebound at 1 bar, the onset of rebound 
for pure n-heptane in the film boiling regime occurs at ~15 ms, com-
pared with ~25 ms at 20 bar [7]. 
The liquid film contact time and duration of the drop rebound ex-
tracted from the drop centroid movement are shown for a range of 
mixtures in Fig. 15(a) and 15(b), respectively. Each data point in Fig. 15 
is based on eight different drop impacts at 20 bar ambient pressure and 
a wall temperature of 350 °C, and the vertical bars represent the var-
iance over these tests. For all cases, the variation in contact time and 
rebound time vary by <10% from the mean. Increasing volatile fraction 
leads to a decrease in the contact time at the wall, and an increase in the 
total rebound time before reaching the surface again. Notably, both 
reach approximately constant values for volume fractions of n-heptane 
above 60%. Here, the total rebound time is defined as the duration 
between the instant when the drop leaves the wall surface and again 
contacts the surface. Note that for this result the drops exhibit Lei-
denfrost behavior and little to no direct contact is achieved. The var-
iation in initial contact time and the duration of rebound show the 
importance in considering volatile component effects in multi-
component fuel mixtures. In particular, these volatile fractions at 20 bar 
show similar contact times as those reported for gasoline in Fig. 6 
(~30 ms). 
The spreading of the liquid film is considered in Fig. 16 for an 
ambient pressure of 20 bar and wall temperature of 350 °C, where all 
bicomponent mixtures are in a film boiling regime. The maximum 
spread reaches a value of =d d3max 0 for pure n-heptane and n-decane, 
as well as the bicomponent mixtures (only the 50% mixture is shown in  
Fig. 16 for clarity). However, the n-heptane concentration results in the 
achievement of maximum spreading at earlier times, as well as a more 
rapid receding liquid film. Here, we have only given spreading results 
for high wall temperature. At low temperatures (in the film evaporation 
regime), previous results have showed minimal influence of the am-
bient pressure on the maximum spreading up to 20 bar [7]. For mod-
erate temperatures (in the nucleate/transition boiling regime), clearly 
identifying the liquid boundary is challenging, so we have made no 
comparison of the liquid spreading. 
Comparing the bicomponent drop spreading results to those of ga-
soline, shown in Fig. 7, the maximum spread is found to be limited to 
d~3 0 in all cases where the impact results in drop rebound. The max-
imum spread is achieved around 5 ms for gasoline, which is similar to 
the time maximum spread is achieved for fuels having n-heptane con-
centration lower than 50 % in Fig. 16. Empirical models for drop 
spreading, parameterized with Weber number corresponds well with 
these single-component spreading results [63–65]. For a high tem-
perature wall case (above the Leidenfrost temperature), the model 
proposed by Akao et al. shows the best agreement with spreading va-
lues for n-heptane [7,66]. A competing model by Chandra et al. over-
predicts the maximum spread as the relation does not consider a wide 
range of Weber numbers [29]. These results suggest that the Weber 
number parameterization of existing empirical spread models capture 
behavior for both bi-component and multi-component fuel mixtures 
Fig. 14. Effect of n-heptane concentration on the movement of rebounding 
droplet centroid at 20 bar pressure and wall temperature of 350 °C. Three bi-
component fuel mixtures are considered: 25 %, 50%, 75 % n-heptane. 
Fig. 15. (a) Variation of liquid film contact time and (b) total drop rebound time with the percentage of n-heptane in bicomponent mixtures at an ambient pressure of 
20 bar and wall temperature of 350 °C. 
Fig. 16. Comparison of normalized spread for n-heptane, 50% n-heptane, and 
n-decane at wall tempearure of 350 °C and pressure 20 bar. 
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across a range of relevant ambient pressure conditions. As a result, it is 
critical to capture the regime of impact (i.e. the onset of rebound) to 
capture both the film dynamics and duration of wall contact. 
4. Conclusions 
The effect of ambient pressure on the impact sequences of gasoline 
and bi-component mixtures with high temperature walls was presented 
for an impact Weber number of ~50. Gasoline drops are found to exhibit 
three impact regimes qualitatively similar to those classified for single- 
component drops: film evaporation, nucleate boiling, and film boiling. 
In addition, there are distinct phenomena during a nucleation boiling 
process that result in ejection of clouds of fine drops (i.e. the event at 
10 bar, =T 300w °C). The onset of these regimes may differ based on the 
distillation characteristics of a particular gasoline blend, but the general 
trends with increasing ambient pressure are significant. Regime dia-
grams were presented for both gasoline and for a bicomponent mixture 
of n-heptane and n-decane. These regime maps allow the identification 
of the onset of rebound across a range of wall temperature, ambient 
pressure, and fluid mixtures. The maximum liquid superheat tempera-
ture extracted from an equation of state for the bi-component mixtures 
was found to give a reasonable bound for the onset of rebound across a 
range of mixture pressures. 
In addition, the dynamics of drop impacts were characterized for 
both gasoline and the bi-component mixtures. These results indicate 
that existing spreading models work well for cases where these fuel 
mixtures rebound from the wall (firmly in the film boiling regime) [66]. 
For bi-component fuel mixtures, the maximum liquid film spread and 
spreading rates were minimally affected by the concentration of the 
volatile component, although increasing volatile content leads to earlier 
rebound, increased rebound distance from the wall, and results in 
longer standoff from the wall during rebound. 
The observations of multicomponent liquid drops impacting high 
temperature walls at pressures ranging from 1 to 20 bar are among first 
to examine single-drop dynamics over a range of ambient pressures. 
These results offer a comprehensive database for validation of pre-
dictive drop-wall interaction models, which are necessary for predictive 
spray-wall modeling in combustion systems. 
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